A method for room temperature bonding of lead-free solders in different environments (vacuum, N 2 , air) was developed to avoid the problems caused by the high melting temperature of lead-free alloys. The method is called as surface activated bonding (SAB) method. In order to understand the influence of oxidation of Sn-Ag alloy on the bonding characteristics, the surface oxides were removed by argon fast atom beam (Ar-FAB) irradiation and then the growth of the oxides on the alloy surfaces in air was investigated by using X-ray photoelectron spectroscopy (XPS). The oxidation of Sn-Ag alloy appeared a logarithm law at room temperature. The information gathered in the investigation was applied to flip chip bonding, using Sn-Ag-Cu solder bumps at room temperature. The bond strength in different bonding environments was compared, and the results showed that the bond strength depended on the oxide thickness, and by controlling the oxidation process, a room temperature bonding might be possible even in non-vacuum conditions.
Introduction
In recent years, development of environmental friendly materials has been greatly concerned. 1, 2) The increasing demands of high density, high operating speed and high performance in electronic devices are driving small-size lead-free solder joints in flip chip packaging. 3, 4) Sn-based alloys with Ag and Cu, with higher eutectic melting points (217-227 C) than that of Sn-Pb (183 C), become the main stream of lead-free solders. [5] [6] [7] However, on the reflow process, the bonding temperature becomes higher than the conventional soldering process, which results inevitably in reliability problems of printed wiring board materials and components, higher energy consumption and associated costs not only to the microelectronics assembly business but also to the environment through increasing CO 2 production etc. 8, 9) In contrast to the conventional soldering process, which requires high process temperature, solid-state bonding was capable for low temperature bonding. The proposed method in the present study is called surface activated bonding (SAB), which can bond lead-free solder bumps to various substrates even at room temperature without any heating process. In the previous investigations, [10] [11] [12] various materials have been bonded successfully with high bond strength, such as Al, Cu, Au, Ti, Ni and their alloys as well as the combinations to ceramics and semiconductors including SiC, Si 3 N 4 , Al 2 O 3 , AlN, diamond and silicon. The procedure of the SAB method starts with activating surfaces by a dry process such as argon fast atom beam (Ar-FAB) bombardment in a certain vacuum condition. And then the activated surfaces are brought into contact directly with a certain contact pressure. A strong covalent bond is formed due to the atomic forces between the mated surfaces. In principle, the SAB method needs a high vacuum pressure to prevent the activated surfaces from being oxidized. Bonding in N 2 gas or in atmospheric air is highly attractive for low-cost fabrication of devices 13, 14) rather that in high vacuum systems. In fact, Sn-based lead-free solders can be oxidized easily in the atmospheric air, therefore the bonding quality would be affected by the growth of oxides.
In the present study, growth and removal processes of the oxides of Sn-Ag alloy were investigated in order to correlate them with the bonding characteristics in various environments. Feasibility of the room temperature bonding in vacuum pressure, N 2 gas and atmospheric air was investigated by using Sn-3.0Ag-0.5Cu solder bumps bonded with Sn-Ag, Cu and Au films. The numbers in the alloys denote the composition in mass%.
Experimental Procedure

Oxidation study of Sn-Ag
Flat film samples with 18 mm thickness of Sn-2.0Ag alloy on Si were used in the present experiments. The flat surfaces (RMS ¼ 5{8 nm) were prepared by cutting non-flat film (RMS ¼ 3{5 mm) samples with a single crystallitic diamond head on an ultra-high precision lathe. X-ray photoelectron spectroscopy (XPS, JEOL-JPS-9200-T) measurements were carried out by using Mg-K radiation of the energy of 1253.6 eV with 10 kV accelerating voltage and 10 mA emission current for wide scan, narrow scan, and depth profiling. An additional chamber of the XPS tool was equipped for Ar-FAB irradiation. Depth profile measurements by Ar ion beam etching were performed to figure out the thickness of contaminants and oxides, and to quantify atom composition change of the oxide layer. Ar-FAB irradiation was used to remove contaminants and oxides from the sample surfaces. Removal process of the oxides was studied by investigating the surface state after irradiation of different time. For the study of the oxide growth, the samples were exposed to air for different time after performing enough Ar-FAB irradiation to remove all the contaminants and oxides from the surfaces.
2.2 Room temperature bonding of Sn-Ag-Cu solder bump to Sn-Ag, Cu and Au films Sn-Ag-Cu ball bumps were fabricated on 5 Â 5 mm 2 area of Si substrate. The solder composition is Sn-3.0Ag-0.5Cu. The diameter of the bumps is 100 mm and the pitch size is 200 mm. As the bonding mate, three different types of film on Si substrate were used. The first one was Sn-2.0Ag film, which was printed and reflowed on a silicon substrate, and also used in the oxidation study. An intermediate layer between Sn-Ag and Si substrate was composed of Ni, Cu and Cr by a turn from the top. The second was Cu thin film and third type was Au thin film (thickness % 0:3 mm, RMS % 2 nm), which were sputter-deposited on silicon substrates.
In the bonding experiments, at first, samples were placed into a vacuum chamber of the SAB tool; then Ar-FAB was irradiated to the sample surfaces under empirical standard conditions (cathode voltage: 1.5 kV, plasma current: 15 mA) for 8 min, which was enough to remove the contaminations and oxides from the surfaces; finally, the activated samples were bonded together under 130 MPa contact pressure for 1 minute at room temperature in vacuum (3:0 Â 10 À4 Pa), in N 2 (99.9999%) of atmospheric pressure, or in air.
A pull test was carried out to evaluate the bond strength. Bonded samples were glued to metal bars. During the test, the metal bars with the bonded sample were fixed to a tensile test machine, and then pulled with a speed of 0.5 mm/min. The tensile load was measured when the sample failed.
Results and Discussion
Oxidation study of Sn-Ag
The dominant type of Sn-Ag oxides is considered as tin oxides because the free energy of Sn oxide formation is smaller than that of Ag oxides, and the content of Sn in the alloy is quite larger than that of Ag. 15, 16) Therefore, the oxidation study was focused on Sn oxidation.
Oxide thickness
The etching rate of the Sn-Ag was measured by a surface profiler (Tencor) after Ar ion beam etching, and the estimated etching rate was about 0.19 nm/s. Figure 1 showed the quantitative analysis of the major elements as a function of the etching time. The time for removal of the oxide layer was about 63 s, and carbon contamination was disappeared within 2-3 s. To the non-flat samples, only 42 s was necessary to remove the oxide layers. 17) Probably, the oxidation of the SnAg alloy was controlled by the atomic condition of the surfaces. Cutting may damage the surfaces, resulting in increase in the number of active sites for oxidation on the surfaces. Although the surface roughness of the flat samples was small, the oxide thickness was thicker than that of the non-flat samples. The thickness of oxide layer was estimated about 12 nm in the case of the flat samples, and about 8 nm in the case of the non-flat samples.
Oxide decomposition by Ar-FAB
The narrow scan spectra of XPS in Fig. 2 show the features of Sn 3d5/2 peaks. The bonding energy of the Sn 3d5/2 peak was shifted from 487.3 to 486.7 eV after Ar-FAB irradiation of 0.75 min, and located at 484.8 and 486.5 eV for the metallic state and the oxide state respectively after Ar-FAB irradiation of 1.5 min. The oxide shoulder disappeared after Ar-FAB irradiation of 4 min.
Dependence of the Ar-FAB irradiation time on the thickness of contaminants and oxides was studied by depth profiling after cleaning the sample surface by Ar-FAB irradiation. Figure 3 shows that the removal rate is low at the beginning and the end, but high with the approximately linear speed from 1 to 3 min. It is assumed that at the beginning, both contaminants and oxides present on the top layer of the sample surface; after removing contaminants by Ar-FAB irradiation for 1 min, only oxides present on the top of the sample surface; after Ar-FAB irradiation for 3 min, it becomes oxides and pure alloys co-existence; finally, only pure alloys are left on the sample surface after Ar-FAB Figure 4 showed the changes of Sn 3d5/2 peak after exposing cleaned samples to the atmospheric air for different time. Figure 4(a) showed the initial Sn 3d5/2 metal peak, obtained after removing oxides by Ar-FAB irradiation. A Sn oxide shoulder appears and grows on the sample surfaces after air exposure for 2, 30 and 960 min, as shown in Figs. 4(b)-(d) . The peaks can be fit accurately using two Gaussian peaks, one for metallic Sn and one for Sn oxides. Bonding energies of Sn 3d5/2 metal and oxide peak are located approximately at 484.8 and 486.6 eV respectively. The yield ratios of oxide-to-metallic state in the near-surface region were calculated corresponding to the areas under these peaks for the air-exposed samples. It is about 0.422 after 2 min exposure, 0.595 after 30 min exposure, and 0.753 after 960 min exposure. O1s peak combined with C-O and -OH bond and C1s peak combined with C-O and C-OH bond appear and increase with increasing air-exposed time. The increase of relative amount of Sn oxide to Sn metal in XPS spectra indicates that Sn oxides and contaminants are formed and grow with increasing air exposure time. These results suggest that the discrete state and appearance of O1s and C1s peaks are due to air concentration. Figure 5 showed the oxidation rate of Sn-Ag in air at room temperature. It appears to follow a logarithmic rate law. The oxidation rate of Sn-Ag alloys in air at room temperature is described approximately by the equation of y ¼ 0:5076 lnðxÞ þ 1:3793, where, y denotes the oxide thickness, and x denotes the exposure time in air. Mott 18) describes that the logarithmic law is resulted by electronic rate control of the oxidation process at low temperature, and zinc oxidation below 225 C and nickel oxidation at 200 C in air follow the logarithmic rate law. The oxidation rate of lead-free materials is a very important factor in the SAB bonding. A rapid oxidation would result in thick oxide formation and thus reduce the bonding ability. The oxidation tendency of the logarithmic rate law is much lower than that of the linear and parabolic rate law. Dong 15) reported also that the oxidation rate of Sn-3.5Ag and Sn-0.7Cu follow the logarithmic rate law at a temperature, which is 140 C above their melting point. The limited thickness of the oxide growth of Sn-2.0Ag during air exposure is an advantage to the SAB bonding in the atmospheric air.
Room temperature bonding of Sn-Ag-Cu solder
bump to Sn-Ag, Cu and Au films 3.2.1 Scan electron microscope (SEM) and electron probe micro-analyzer (EPMA) observation Figure 6 showed the SEM images in the cross sections of the samples, which were bonded in vacuum. The EPMA result shows that 0 (AuSn 5 ), " (AuSn 2 ) and (AuSn 4 ) phases appear in the bonded interface between the Sn-Ag-Cu bump and the Au film. According to the phase diagram and previous studies, [19] [20] [21] another (AuSn) phase might exist between AuSn 5 and AuSn 2 phase. Probably, the thickness of Au-Sn phase is too thin to be detected by the EPMA equipment. A Cu-Sn intermetallic compound (IMC) layer is found in the interconnection of the Sn-Ag-Cu bump and the Cu film, but the composition could not be analyzed due to the limit of the equipment resolution. Tu 22) reports that there should be a 0 (Cu 6 Sn 5 ) phase between Cu and Sn at temperature below 60 C. For temperature above 60 C and longer diffusion time, the formation of " (Cu 3 Sn) phase between 0 and Cu was proposed.
Influence of oxidation on bonding
As the weight percent of Cu in the Sn-Ag-Cu bumps is only 0.5% and the oxidation temperature is room temperature, the oxidation behavior of Sn-3.0Ag-0.5Cu can be assumed similar to that of Sn-2.0Ag. Therefore, the growth tendency of Sn-Ag-Cu oxides is also limited. The oxidation behaviors of the films was mainly investigated.
The tensile strength of Sn-Ag-Cu bumps bonded with each material in different environments was shown in Fig. 7 . No obvious difference is found in the tensile strength of the bonding both in vacuum and N 2 , but the tensile strength of the bonding in air decreases quickly with increasing exposure time. The decrease in the bonding quality is mainly due to oxide growth. The oxides are likely to act as a barrier during bonding in air. When the oxide thickness is thin, the deformation might destroy the thin contamination layer which might still remain on the activated surfaces, and make two surfaces into contact. When the oxides have a certain thickness, the deformation might not get enough activated areas any more, so the bonding would fail. Without Ar-FAB pretreatment, the samples can not be bonded at room temperature, which proves the negative influence of presence of the oxides on the SAB bonding.
The tensile strength of the bonding to the Sn-Ag film after air exposure for 1 and 10 min was not lower than those of the bonding to the Au and Cu films. Surface roughness and deformation may play important roles in this case. The surface roughness is an important characteristic in the SAB bonding. 17, 23) Surfaces with small a roughness are easily to achieve an intimate contact by applying a pressure due to the deformation of the surface area. The result of the previous experiments on the bonding of Au films to Au films 24) shows that the tensile strength between thin Au films (20 nm) is smaller than that of thicker Au films (30 nm) although the surface roughness of the thin Au films (RMS % 0:6 nm) is smaller than that of the thicker Au films (RMS % 1:5 nm). If the thickness of the film is too thin, the film is hardly to be deformed microscopically to achieve an intimate contact. Although the roughness of the Sn-Ag film (5-8 nm) is a little larger than the Au and Cu film (2 nm), the thickness of the Sn-Ag film (18 mm) is much larger than those of the Au and Cu film (0.3 mm). The result of the bonding to the Sn-Ag film is assumed mainly due to the deformation of the relatively larger thickness of the film.
After air exposure for 60 min, the tensile strength of the bonding to the Sn-Ag film was not obviously larger than that of the Au film. Au is not easily oxidized than Sn-Ag and Cu. In previous studies, 13, 14) the oxide growth of Au is quite slow, and after exposure for 60 min in N 2 , the Au surface is still activated and the shear strength and electric resistance of Au to Au bonding still remained. Compared with the the Au film, the larger oxide thickness of the Sn-Ag film grows after air exposure for a long time, so the tensile strength to the Sn-Ag film is not obviously larger than that of the bonding to the Au film. In the case of Cu, the bonding area of Cu to Cu was acceptable until the vacuum pressure was lower than 3 Â 10 À3 Pa. 25) Although the thickness and the surface roughness of the Au film and the Cu film were the same, the tensile strength of the bonding to the Au film was larger than that to the Cu film in the same bonding condition. It is assumed mainly due to the difference in the diffusion and oxidation rate between Au and Cu. As the interdiffusion coefficient of Au to Sn (7:4 Â 10 À15 cm 2 s À1 ) at room temperature is larger than that of Cu to Sn (6:6 Â 10 À17 cm 2 s À1 ), 26) in vacuum and N 2 , the activated Au and Sn may very diffuse very fast in each other on contact, resulting in strong formation of a bond between Au and Sn. In the atmospheric air, Cu is oxidized more easily, so a thicker oxide layer and a relatively lower diffusion rate might decrease the bond strength.
In the debonded surfaces, some bumps transferred to the film side in the case of bonding in vacuum and in N 2 , whereas nearly no bump was observed to transfer to the film side in the case of bonding in air.
Calculating the oxide thickness of the Sn-Ag film at each step of the exposure time by using the equation (y ¼ 0:5076 lnðxÞ þ 1:3793) of oxidation rate, influence of the oxide thickness on the tensile strength of the bonding of SnAg-Cu bumps to the Sn-Ag film was shown in Fig. 8 . The bond strength decreases proportionally with increasing of the oxide thickness, and the oxide thickness of about 3.5 nm is the critical failure point for the bonding of Sn-Ag-Cu bumps to the Sn-Ag film in present bonding conditions.
Conclusion
The growth rate of the surface oxide layer of Sn-2.0Ag (mass%) alloy were quantitatively investigated. The growth rate is characterized by a logarithmic rate law. The feasibility of the bonding at room temperature by the surface activated bonding (SAB) method of Sn-3.0Ag-0.5Cu (mass%) bumps to Sn-Ag/Cu/Au film both in vacuum and in N 2 gas of atmospheric pressure is confirmed, and the tensile strength of the bonding is higher than 20 MPa. In the air of atmospheric pressure, the bond strength is affected greatly by the exposure time indicating that the growth of the surface oxide layer may inhibit the formation of the metallic bonding at the contact surfaces.
Room temperature process for the bonding of Sn-Ag-Cu solder bumps to Sn-Ag, Cu, and Au films was developed especially for non-vacuum (N 2 ) environment. Further development of the bonding process under atmospheric pressure in air can be expected through controlling oxidation processes at room temperature, or combining with low temperature annealing process by the SAB method. Study on Sn-Ag Oxidation and Feasibility of Room Temperature Bonding of Sn-Ag-Cu Solder
